We have proposed a new type of y-ray camera, which takes advantage of micromachining technology [ 11. It consists of an array of scintillator crystals encapsulated in well-type silicon sensors. The light created by the interaction of an X-ray or a gamma ray with the crystal material is confined by vertical silicon sidewalls and collected onto the avalanche photodiode at the bottom of the well. Several parameters of the photodiode need to be optimised: uniformity and efficiency of the light detection, gain, electronic noise and breakdown voltage. In order to evaluate these parameters we have processed 3*3 arrays of 1.8 mm2, -10 pm thick photodiodes using (100) wafers etched in a potassium hydroxide (KOH) solution. Their optical response at 675 nm is comparable to that of a 500 pm thick silicon PIN diode. The low light detection efficiency is compensated by internal amplification. Several scintillator materials have been positioned in the wells on top of the thin photodiodes, i.e. a layer of structured CsI(T1) and single crystals of CsI(T1) and LuzS3(Ce3+). First experiments of y-ray detection have been performed.
I. INTRODUCTION
3*3 arrays including 1.8 mm2 N++NP avalanche photodiodes, have been processed in the -10 pm thick membranes that remain after thinning of -530 p m thick (100) silicon wafers by means of KOH (Fig. 1) . The diode characteristics have been reported in a previous work [ 
11.
They can be summarized as follows. We measured for 5.89 keV X-rays using a calibrated charge sensitive amplifier an amplification factor of 3 close to the breakdown voltage at 67 V. The best photodiodes have a relatively low leakage current of 0.4 nA. However all the diodes show a high junction capacitance of -50 pF due to the thin depletion region. This results in a ENC noise of -300 rms electrons. In the following, the optical response of the thin test diodes is modelled taking into account the depth dependence of the gain 
THE OPTICAL RESPONSE
The mean optical response, defined as the mean number of electrons per incoming photon, measured with a pulsed laser at 675 nm is comparable to that of 0.81 cm2 PIN photodiodes [2] . The light detection efficiency (LDE) of these PIN photodiodes is assumed to be -70%. However our avalanche diodes suffer from a non-uniform optical response. When (100) wafers are etched in a KOH solution, gutters appear at the (1 11)/(100) intersections which can be a few microns deep [3] . SEM membrane profiles, measured close to the tested diodes, give thicknesses of 10 p m and 7.5 p m for respectively the middle and the edge of the membrane. Raising the bias voltage to obtain full depletion results in an early 'breakdown' when the depletion region touches the deeper gutter where a large number of lattice defects generate a high leakage current. As a result the first few micrometers of the entrance window will remain undepleted. Consequently the light detection efficiency depends on the thickness variation of the silicon dead layer. The optical response is given by:
where z is the depth with the origin at the contacts of the diode, Wdep the depletion thickness, W the membrane thickness, T the transmission of the 4 nm thick native oxide (-65% at 675 nm), and X the light attenuation coefficient in silicon (2950 cm-I at 675 nm = 2300.e-6.78(#-1)
where a and p are the ionization coefficients of electrons and holes respectively and E the electric field. From a MEDIC1 simulation of the electric field profile, the wafer resistivity must be 4 Q.cm to obtain a maximal gain calculated from Eqs. (2) of 2.9 at 67 V (Fig. 2) . This is in agreement with wafer specifications. This results in a maximum of the electric field strength at z=1.8 pm of 2.7 lo5 V/cm and a depletion layer of -6 pm. Solving Eq. (1) for an optical response in the middle of the diode of 0.6 (85% compared to the PIN photodiodes), gives a membrane thickness of -9 pm. This is in good agreement with the SEM membrane profiles. The corresponding dead layer of -3 pm results in a transmission of 40% at 675 nm wavelength. The model is supported by the good agreement between calculation and measurement for both gain (Fig. 2) and optical response. The gain at 675 nm differs from what is measured with X-rays, directly absorbed in the photodiodes. The light that is not absorbed in the dead layer may be absorbed somewhere in the high field region and experiences a mean amplification lower than the maximum gain that is measured with low-energy X-rays (Fig. 2 ).
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SCINTILLATION LIGHT MEASUREMENTS

A. Structured CsI(T1)
A 200 pm thick film of structured CsI(T1) has been deposited using a vapor deposition technique on top of thin photodiodes (Fig. 3) . The attenuation length of light in silicon at 565 nm wavelength, the emission of CsI(Tl), is 1.5 jlm. A Figure 3 : SEM photo of the structured CsI(T1) (detail). By courtesy of TRMELL. first attempt to read out scintillation light has been performed using a 5.8 MeV 244Cm alpha source. The source was set 1.8 cm away from the detector in air. Each alpha deposits -4 MeV in the scintillator. Assuming a light yield of -30000 ph/MeV [6] each event generates -120000 photons. From the peak position in the spectrum, we calculated the number of collected electrons to be 10600. The effective gain at 565 nm is similar to the maximal gain measured with X-rays, around 2 at 60 V bias voltage (Fig. 2) . This results in a very low LDE of 4.4%. One must realise that there is no reflective layer on top of the scintillator. Moreover the alpha's are absorbed in the top layer of the crystal while the surface quality and thus the light transport are rather poor. However the low LDE is mainly caused by a silicon dead layer of -3 pm with a transmission of only -14%.
The energy resolution of 27% FWHM results from the electronic noise, the gain g fluctuations, the statistical spread in the generation of photoelectrons, the spread associated with the photodetector quantum efficiency E , the light collection spread R,, the non-uniform optical response contribution to the spread R,, and the scintillator resolution R, ~71: [lo] , the temperature dependence of the detector gain is about -l%/'C. This is less than the -2%/'C measured with the Hamamatsu S5345 APD [2] and -3%/"C measured by Ochi [ 111. At room temperature (20.5 "C) we measured an energy resolution of 41% FWHM at the 356 keV y-rays peak of the 133Ba source. At 5 'C we found a resolution of 37%. The slight improvement is mainly due to the increase of the gain. Fig. 4 shows a pulse height spectrum of 662 keV y-rays from . I . , . , . , . , . , . , . , . . I . , . , . , . , . , . , . , . , . , . 1 0 100 200 300 400 500 600 700 800 900 IO00 1100 1200 
B. Single Crystal CsI(T1)
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C. Single Crystal Lu2S3(Ce3+)
A 1*1*0.5 mm3 Lu2S3(Ce3+) crystal [12] has been placed in a well. This scintillator presents a broad emission between 500 and 750 nm. From the X-ray induced emission spectrum we have calculated the effective light attenuation length in silicon to be 1.9 pm. In the following we assume for this crystal a light yield of 25000 photons/MeV. The entire detector was covered with MgO reflective powder plus six layers of Teflon tape. We have measured pulse height spectra of 511 keV and 662 keV y-rays from respectively 22Na and 137Cs sources (Fig. 5) at 6 ,us shaping time and 65 V bias voltage (effective gain of 2.4). The X-ray escape peaks of the Ka and KP Lu X-rays arise 54 keV end 62 keV below the photopeak.
The linear attenuation coefficient is -2 mm-' for a 54 keV X-ray. According to Monte-Carlo GEANT simulation, we expect escape from the -0.5 mm3 crystal in 44% of the cases. The conversion is about 5.5 e-IkeV. The energy resolution is 29% at the 662 keV peak of 137Cs. Compared to CsI(T1) measurements the light detection efficiency of -9.5% is enhanced by a factor -1.45. According to the respective light attenuation lengths, this is in agreement with a -2.7 pm thick dead layer if we assume similar light collection efficiencies. Again this result is given only as indication, the comparison has been made for two different diodes. 
IV. CONCLUSION
The thin photodiodes combine a relatively low light detection efficiency compensated by a silicon avalanche process, which makes their optical response comparable to that of normal silicon PIN diodes for red light. The low LDE is mainly due to a dead layer of silicon between the optical entrance window and the depletion zone. From measurements with a laser at 675 nm we have deduced a dead layer thickness of -3 pm resulting in a LDE of -27% at 675 nm. In the read-out of CsI(Tl), considering the shorter wavelength emission (565 nm), the large dead layer thickness is a major drawback. From the scintillation light measurements one may deduce a dead layer thickness in the order of 2.5-3 pm resulting in a transmission of only 16&3% at 565 nm. Concerning the conversion efficiency, a mean optical response of -8.5 e-/keV is obtained for 356 keV y-rays with the structured CsI(T1) (LDE of 6%). This is smaller than what is obtained with the PIN photodiode (-25 e-/keV, LDE of 55% [2] ). Nevertheless an energy resolution of 19% FWHM at the 662 keV y-ray peak of the 137Cs source has been measured with a CsI(T1) single crystal. In the read-out of Lu2S3(Ce3+), the light detection is enhanced due to the red emission. But the lower light yield makes the conversion lower than CsI(Tl), about 5.5 e-/keV. All measurements are summarized in Table 1 . Research is now focussed on the reduction of the silicon dead layer.
